Abstract Suites of criteria specifying ecological, biological, social, economic, and governance properties enable the systematic identification of sites and networks of high biodiversity value, and can support balancing ecological and socioeconomic objectives of biodiversity conservation in terrestrial and marine spatial planning. We describe designs of suites of ecological, governance and socioeconomic criteria to comprehensively cover manifestations of biodiversity, from genotypes to biomes; compensate for taxonomic and spatial gaps in available datasets; balance biases resulting from conventionally-employed narrow criteria suites focusing on rare, endemic and threatened species; plan for climate change effects on biodiversity; and optimize the ecological and administrative networking of sites. Representativeness, replication, ecological connectivity, size, and refugia are identified as minimum ecological properties of site networks. Through inclusion of a criterion for phylogenetic distinctiveness, criteria suites identify sites important for maintaining evolutionary processes. Criteria for focal species are needed to overcome data 
Introduction
Biological diversity has intrinsic value. It is required to maintain the biosphere's structure and processes that support life, including ecosystem services that underpin human survival and quality of life. This is now widely acknowledged despite limited understanding of the degree of redundancy at different levels of biodiversity, and incomplete comprehension of the relative importance of different components in regulating ecosystem structure and functioning, and in avoiding tipping points where irreversible regime shifts occur (McGrady-Steed et al. 1997; Kareiva and Marvier 2003; Balmford et al. 2002 Balmford et al. , 2005 Diaz et al. 2006; Dobson et al. 2006; European Communities 2008; Pereira et al. 2010) .
Combined, the exponential growth in human population and biomass, humanity's broad spatial distribution, and the spatial distribution of population density and poverty patterns in relation to areas of high biodiversity, underlie cumulative and synergistic drivers of change and loss in biodiversity (Gehrt 1996; Groombridge and Jenkins 2000; Hassan et al. 2005; Millennium Ecosystem Assessment 2005; European Environment Agency 2006; IUCN 2009 ). Direct anthropogenic drivers of change and loss in biodiversity have been placed into five broad categories: (i) habitat modification or loss, (ii) overexploitation, (iii) invasive alien species, (iv) climate change, and (v) pollution CBD 2010) . Globally, habitat degradation is the central direct driver of change and loss of terrestrial biodiversity (IUCN 2009; Leadley et al. 2010) . Overexploitation of target and bycatch species in marine capture fisheries currently is the most widespread and direct driver of change and loss of global marine biodiversity, and is predicted to become increasingly problematic over coming decades, while in coastal areas, eutrophication from nitrogen pollution and habitat degradation are also significant factors Leadley et al. 2010; Gilman 2011) . Climate change is predicted to become an increasingly significant factor affecting global terrestrial and marine biodiversity (CBD 2010; Leadley et al. 2010) .
Resulting change and loss in biodiversity is occurring across all levels of manifestations of biodiversity, from genotypes to broad biogeographical regions, and range from reduced genetic diversity and altered evolutionary characteristics of populations, to an increased rate of species extinctions and concomitant reduced species diversity, to altered community to biome functioning, structure, resistance, resilience, distribution and extent (Smith et al. 1991; Balmford et al. 2003; Millennium Ecosystem Assessment 2005; Gilman et al. 2008; IUCN 2009; CBD 2010; Leadley et al. 2010; Pereira et al. 2010) . Recognition, starting in the late 1980s, of a growing biodiversity crisis has generated support to augment our understanding of global biodiversity and mitigation of anthropogenic drivers of biodiversity change and loss (Wilson 1988; Ghilarov 2000; Millennium Ecosystem Assessment 2005; Pereira et al. 2010) .
Spatial planning, including systematic conservation planning, typically requires making compromises in focus between geographical areas, components of biodiversity and threats, as well as balancing goals for the persistence of biodiversity with ecosystem services that are incompatible with conservation objectives (Margules and Pressey 2000; Gaston et al. 2002; Pierce et al. 2005; Sarkar et al. 2006; Crowder and Norse 2008; Gilman et al. 2008; Lenton et al. 2008; Nelson et al. 2009; Leadley et al. 2010) . Suites of criteria specifying ecological, biological, social, economic, and governance properties have been used to identify areas of relatively high biodiversity value, including identifying sites that possess characteristics needed for effective site networks (Electronic Supplementary Table 1) . Applications of these criteria suites support place-based spatial planning and ecosystembased management (Crowder and Norse 2008) , providing a basis for directing limited resources for conservation activities to prioritized areas. There are numerous initiatives and programs employing criteria suites to identify sites of global-to local-scale biodiversity importance (Electronic Supplementary Table 1) . Goals of employing suites of criteria have ranged from identifying areas of local importance to selected taxonomic groups to identifying sites for the inclusion in networks designed to support the maintenance of entire ecosystems at a global scale.
Here we present a comprehensive suite of ecological, governance and socioeconomic criteria to identify unconnected sites, and networks of interconnected sites, that are of relatively high biodiversity value. This provides a fundamental resource for conservation practitioners to use to select a subset of criteria to meet objectives of individual terrestrial and marine spatial planning initiatives, a precursor to implementing ecosystem-based management (Crowder and Norse 2008) . We provide examples of the application and identify considerations in applying each criterion. We describe alternative designs for criteria suites, including assigning relative weights in order to meet the objectives of individual initiatives. Objectives may be defined by the geospatial and temporal scales of interest; prioritized components of biodiversity, conservation targets, and threats; socioeconomic priorities, including maintaining or enhancing selected ecosystem services; and available resources for governance. We identify ecological criteria that are minimum, required components of suites for designing effective site networks. We propose a design for global-level criteria suites to comprehensively cover all facets of biodiversity, compensate for taxonomic and spatial gaps in available datasets, balance biases resulting from conventionally-employed criteria suites, and optimize the ecological and governance networking of sites. We critique the state of development of the integration of open-access datasets of primary, species-level, point occurrence biodiversity data and highlight next steps to augment applications in identifying areas of relative biodiversity importance. While criteria employed to identify areas of high global biodiversity value have generally focused on the species-level of biodiversity, focusing on rare, endemic and threatened species, we present arguments for expanding this scope to also include criteria for phylogenetically distinctive species and focal species, including common and widespread generalists, as a means to fill existing gaps to provide for comprehensive protection across manifestations of biodiversity, and to account for spatial, temporal and taxonomic gaps in coverage of available biodiversity data.
Comprehensive suite of ecological, governance and socioeconomic criteria
To develop a comprehensive suite of criteria that provide for the selection of sites of priority for the conservation across manifestations of biodiversity, we reviewed the composition of criteria suites employed by main initiatives and programs that identify sites of local-to global-scale biodiversity importance (Electronic Supplementary Table 1) . As a part of the assessment method, we determined the relative frequency of ecological criteria and coverage of levels of biodiversity (genotype, population, species, community, ecosystem, biome) in criteria suites of these initiatives, and report which ones were relatively common vs. those that are underrepresented. A comprehensive suite of governance and socioeconomic criteria were identified in part through a review of the main initiatives (Electronic Supplementary Table 1) and was augmented through a broader literature review.
Electronic Supplementary Tables 2 and 3 present the results of this review, identifying a comprehensive suite of ecological criteria, and governance and socioeconomic criteria, respectively, to identify sites of high biodiversity value. Ecological criteria for phylogenetically distinctive species and focal species are not included in suites of most existing initiatives (Electronic Supplementary Table 1) ; the reason why these two criteria are considered critical for comprehensive biodiversity conservation is discussed in section Optimal Designs for Criteria Suites. Five ecological criteria (representativeness, replication, ecological connectivity, size, and refugia) are identified as minimum, required properties for the long-term effectiveness of networks of sites of global biodiversity importance (Electronic Supplementary Table 2) , discussed in section Optimal Designs for Criteria Suites. Some of these network-relevant criteria are not attributes of an isolated site (e.g., ecological connectivity relates to multiple sites within a network, and not to a single site in isolation). Other criteria are potentially relevant to both isolated and networked sites. For example, sustainable financing and refugia are important characteristic to ensure the effectiveness of both isolated and networked sites.
Biodiversity conservation objectives are more likely to be achieved when ecological criteria are first assessed to identify candidate sites before applying socio-economic and governance criteria (Gilman 2002; Kareiva and Marvier 2003; Roberts et al. 2003a, b) . Ideally, once sites were identified based on prioritized ecological criteria, governance and socioeconomic criteria would then be applied to filter out the candidate sites determined to have a low likelihood of meeting biodiversity conservation objectives, due to one or more of the following: low stakeholder and political support, insufficient financing, weak or absent legal and management frameworks, deficits in resources for fundamental aspects of governance (e.g., monitoring, control, surveillance, enforcement), or incompatible uses within and adjacent to the site which are not likely to be mitigated through protection of the site (Electronic Supplementary Table 3 ). However, in practice, site-specific socioeconomic and political priorities often trump longer-term and global-scale ecological priorities (Gilman 2002; Kareiva and Marvier 2003; Roberts et al. 2003a, b) .
Primary data limitations to employing biodiversity criteria
The existence of large taxonomic, spatial and temporal gaps in available information is a general limitation in applying biodiversity criteria (Roberge and Angelstam 2004; Balmford et al. 2005; Yesson et al. 2007; Collen and Rist 2008; GBIF 2009; Edwards et al. 2010; Gilman and Chaloupka 2011) . To begin with, only about 17% of the total possibly existing species have been discovered and described by systematists (Chapman 2009) . Working with such an incomplete understanding at just the species-level of biodiversity means our knowledge of the status and trends in biodiversity losses and changes are inherently limited. The Global Biodiversity Information Facility (GBIF), since its formation in 2001, has effectively developed the informatics infrastructure to enable open-access publication of datasets of primary, species-level, point occurrence data in standardized formats, and now hosts the world's largest portal to open source biodiversity data. For the known species, results from a first-order inventory of the GBIF data portal revealed substantial data quantity and quality issues:
• Taxonomic gaps: There were substantial data gaps for large numbers of higher level taxonomic groups (e.g., no records for any Virus species; records for only 10% of species in the kingdom Fungi, with a mean of 51 records per species; records for only 6% of species in the class Insecta, with a mean of 156 records per species) (Fig. 1) , and no records for 83% of described species (GBIF 2009 of records located in the USA, UK and Sweden (as of 13 December 2010). Because, within most higher taxa, over large areas, the number of species in total and per unit of area increases from higher to lower latitudes (Rex et al. 1993; Gaston 2000; Groombridge and Jenkins 2000) , the finding that the majority of GBIF records are from mostly temperate areas is consistent with and helps explain the observed lack of records for a large majority of described species. There was also uneven spatial distribution of records. For example, 87, 72 and 69% of marine Plantae, Animalia and Protozoa records, respectively, fall in the Atlantic Ocean; 60% of terrestrial Animalia records fall in North America; and 77 and 76% of terrestrial Plantae and Fungi records, respectively, fall in Europe. There is a need for a sufficient sample size in each area of an individual species' known native and introduced range to enable robust distribution modelling (Gilman and Chaloupka 2011); • Time series length: Despite a large proportion of GBIF data coming from natural history collections, known to contain long time series (Suarez 2004) , only 4% of records published to the GBIF portal were from observations made before 1950 (GBIF 2009). Long time series enable the construction of baselines from times when ecosystems were relatively pristine in order to measure anthropogenic-caused change and loss in biodiversity (Jackson et al. 2001; Suarez 2004; Gilman et al. 2008) . Time series lengths need to span cyclical, short-term, serially correlated patterns in order to observe long-term temporal as well as spatial patterns, for example, to support robust modelling of temporal patterns in species' distributions, population trends of long-lived and low productive species, ecosystem landscape position, and to separate natural and anthropogenic signals (Kendall et al. 1998; Crouse 1999; Musick 1999; Gilman et al. 2008; Edwards et al. 2010; Gilman and Chaloupka 2011) . For example, long data series are needed to effectively differentiate between coastal ecosystem migration in response to long-term trends in relative sea-level from shorter-term and cyclical influences on coastal ecosystem position (Gilman et al. 2008) . Because, at a given point in time, a portion of suitable habitat is predicted to be unoccupied by a population, short dataset time series of observational records have a higher potential to portray an incorrectly smaller distribution than if observed over longer periods. Furthermore, for populations of long-lived, low-productive species, there can be a lag of decades or longer for responses to drivers to become evident (e.g., Crouse 1999); and • Seasonal gaps: For some taxonomic groups, there was uneven distribution of records by season (e.g., 40% of bird observations were made in the first quarter of the year) (GBIF 2009). For some species, a lack of presence observations during a season might miss seasonal migrants and prevent robust species' distribution modelling (Roberge and Angelstam 2004; Gilman and Chaloupka 2011) .
There are also basic data quality issues, where, for example, 33.7 M (19%) of GBIF records lack coordinates (GBIF 2009), precluding their use for most research applications. More narrowly focused studies have identified gaps in open access primary biodiversity data for specific taxonomic groups, such as certain plant taxa (e.g., legumes, Yesson et al. 2007) , bats (Collen and Rist 2008) , and marine invasive alien species (Gilman and Chaloupka 2011) .
Disincentives for dataset publication, and thus to filling these identified gaps, are numerous. For example, data with potential market value, including information on (2009) medicinal resources, datasets collected from fishery observer programs, or genetic resources, are held as confidential under some domestic and international laws (e.g., Arico and Salpin 2005; Gilman 2011 ). Some governments have expressed concern over the risk of 'biopiracy', the monopolization of genetic resources and indigenous, traditional knowledge (Greene 2004) , as a reason for refraining from publishing their biodiversity datasets. Technical and financial resources needed to digitize natural history collections is another barrier. Other obstacles include concerns that other researchers will 'scoop' planned research; ownership and control of the data will be lost; locations of sensitive species would be revealed; and that dataset publication is overly arduous (Roberts and Chavan 2008; Costello 2009 ).
There is a need for policies by relevant bodies, including national and regional governments and private funding agencies, to require publication of biodiversity datasets and provide resources for effective enforcement (Andelman et al. 2004; Costello 2009 ). The development of online data publication systems with metrics for data citation and impact factors based on data use may provide an incentive for voluntary publication of datasets by individual researchers (Andelman et al. 2004; Roberts and Chavan 2008) , but is unlikely to incentivize publication of large institution-owned datasets, or overcome legal confidentiality measures of some datasets.
Dataset-level metadata developed to enable users to discover its existence typically include information on the dataset's basic characteristics, ownership, and how to obtain further information. Metadata can be critical to: (i) enable data discovery, (ii) determine whether pooling individual datasets is appropriate, (iii) identify what information exists in the full, original dataset that might not be captured in standard, minimum fields of opensource data portals; and (iv) allow researchers to contact owners/custodians to request access and permission to the original dataset. More important than the publication of datasets in standardized formats with minimal information, there is a critical need for improved standards for the publication of detailed metadata (e.g., sampling effort, data collection methods, spatial resolution) and development of thematic metadata catalogues. For example, capture of information on estimates of error in positional accuracy is needed in metadata to support research employing fine spatial scales, such as species distribution modelling (e.g., Guisan et al. 2007 ); Positional accuracy has not been routinely captured in metadata of almost a fifth of datasets published via GBIF.
Optimal designs for criteria suites
The role of criteria suites in sustaining ecosystem services To maintain the persistence of the biosphere, criteria suites require designs that identify areas of relative biodiversity importance that enable the long-term persistence of biodiversity, and achieve representation across facets of biodiversity, where biodiversity encompasses the variability among living organisms, including the abundance and distributions of, and interactions within and between genotypes, species, communities, ecosystems, and biomes (Groombridge and Jenkins 2000; Margules and Pressey 2000; Gaston et al. 2002; Leadley et al. 2010) . While the species level of diversity is the most common measure of biodiversity employed for research and management, where, for example, systematic conservation planning initiatives typically have based the selection of sites on the occurrences of species (Margules and Pressey 2000) , it is critical to consider all components to the variability of life to maintain ecosystem function, structure, and services across Earth's biogeographical regions.
Long-term human survival and quality of life requires sustaining ecosystem services, which is contingent upon effective biodiversity conservation, including preventing ecosystems from reaching tipping points where irreversible regime shifts occur (Lenton et al. 2008; Leadley et al. 2010; Pereira et al. 2010) . Sacrifices are required to reduce anthropogenic stressors to ecologically sustainable levels, and reduce the degradation of other ecosystem services, including regulating and supporting services. This requires reducing or reversing current rates of increase in ecosystem services that are incompatible with conservation objectives, especially provisioning services, including food, fiber and energy production, and incompatible cultural services, such as human access to sensitive areas (Nelson et al. 2009; Leadley et al. 2010) . To effectively mitigate the fundamental drivers of multi-scale change and loss in biodiversity, humanity needs to mitigate underlying causes, including unsustainable lifestyles, human population and spatial distribution, and poverty levels and spatial distribution. Spatial planning, including systematic conservation planning, through the application of criteria suites to identify areas critical for biodiversity conservation, is a precursor to identifying requisite restrictions on incompatible human activities in these areas, where forfeiting certain activities and behaviours that contribute to our current quality of life will be necessary for the long-term maintenance of the biosphere's integrity and ecosystem services.
Selecting criteria and assigning weights to meet objectives of individual initiatives
Considerations in designing suites of criteria for individual initiatives include: the spatial and temporal scales of interest, prioritized components of biodiversity and conservation targets, available resources for different components of governance (e.g., research, monitoring, education, threat abatement, controls on incompatible human activities, support for compatible human activities, surveillance, enforcement), and priorities between and amongst ecological and socioeconomic properties. For example, a criteria suite can be designed to prioritize areas that are relatively pristine, or degraded areas possessing high capacity for rehabilitation, or both (Ramsar Secretariat 2008; IOSEA 2010) . Prioritizing ecosystem provisioning services will likely identify different areas than prioritizing ecological criteria or regulating and supporting services ). Sites selected due to being in a least disturbed state, or degraded with capacity for rehabilitation, will often be in direct conflict with prioritizing sites with high current livelihood value, if management measures include interventions aimed at conserving biodiversity. Assigning a higher weight to criteria for threatened species results in smaller proportions of ranges of non-threatened species being included in a site network (Fiorella et al. 2010 ). The spatial scale identified for application of criteria is imperative, for example, as rare and unique features at a local scale may be typical at larger scales. Criteria weighting for a site network could be designed to aid in identifying the minimum network of sites for representation of all species in an area of focus by weighting sites that have high species richness for species not present in sites already in the network (Cabeza and Moilanen 2001; Roberts et al. 2003b) , with the concept being applicable to other levels of biodiversity (e.g., to ensure representation of habitat types). To address these issues in guiding the selection of sites for protection, the overarching aims of an initiative dictate which criteria to include, and assignment of weights determine the relative importance of the selected criteria.
Weighting enables prioritizing among criteria included in an initiative's suite (Roberts et al. 2003a, b; Fiorella et al. 2010) . Weighting designs for criteria suites range from the least complex, where each criterion in a suite has a de facto equal weight, a site either meets or does not meet individual criteria, and a site achieves the designation via passing assessment against any one of the criterion in the suite (e.g., Darwall . A more complex design assigns scaled weighting to each criterion, where a site can meet a portion of the maximum possible criterion weight, minimum threshold weights are assigned to categorized subsets of criteria in the suite, where a site must meet a minimum threshold weight for each category, and a site must meet a minimum threshold weight for the entire criteria suite (IOSEA 2010). Weighting is a prescribed critical component of the design of criteria suites to ensure that minimum properties are afforded priority to guide selecting candidate discrete and networked sites.
Taxonomic and geospatial gaps resulting from existing criteria suites: A call for the inclusion of criteria for phylogenetically distinctive species and focal species
The collective application of initiatives to identify areas of high biodiversity value has resulted in regional and taxonomic biases and concomitant gaps in coverage. Main initiatives have generally focused on the species-level of biodiversity, for threatened, rare and endemic species, employing small suites of criteria, with an overarching aim of mitigating species-level extinction rates (Electronic Supplementary Table 1 ) (Myers 1988 (Myers , 1990 Stattersfield et al. 1998; Myers et al. 2000; Mittermeier et al. 1999 Mittermeier et al. , 2004 Gaston and Fuller 2007; BirdLife International 2010; Plantlife International 2004 , 2010 . Figure 2 identifies the frequency of use of each ecological criteria employed in criteria suites of the 20 reviewed initiatives to identify sites and manage site networks of biodiversity importance summarized in Electronic Supplementary Table 1. Despite the prevalent focus of the initiatives identified as being to conserve habitat and ecosystem-levels of biodiversity (part or entire objective stated for 19 of the 20 initiatives), and a focus on conserving species-level biodiversity identified as being an objective in only 7 of the 20 initiatives, 6 of 22 ecological criteria included in the 20 initiatives are specific to the species-level of biodiversity (Fig. 2) . 'Threatened species' was the most frequently included criterion, in 13 of the 20 criteria suites; a criterion on 'threatened ecosystem, habitat or ecological community' was included in only a quarter of the criteria suites (Fig. 2) .
There is no unequivocal way to compare biodiversity value resulting from the application of individual criterion. For instance, there may be little overlap of areas with high endemism, species richness and threatened species richness between and within taxa, even within a single taxonomic class (Groombridge and Jenkins 2000; Orme et al. 2005; Kier et al. 2009 ). Each criterion addresses a different aspect or component of biodiversity; initiatives employing small number of criteria typically result in spatial and taxonomic biases. For example, the employment of a pair of criteria (high vascular plant endemic species richness, high habitat loss) to identify 'Biodiversity Hotspots' (Electronic Supplementary Table 1 ) identified regions primarily occurring in tropical forests (Mittermeier et al. 2004) . Over three quarters of areas identified based on the overlap of distributions of two or more restricted-range endemic bird species (Endemic Bird Areas, Electronic Supplementary Table 1) are located in tropical and subtropical lowland forest and moist montane forest, on islands or in mountain ranges (Stattersfield et al. 1998 ). Locations where highly threatened species of selected taxa (mammals, birds, reptiles, amphibians and conifers) are confined to single sites also occur primarily in tropical forests and on islands (Ricketts et al. 2005) . A focus on threatened species identifies sites of importance primarily to ecological specialist species with small population sizes and/or with restricted ranges, predominant characteristics of species with the greatest risk of regional extirpation or global extinction (Gaston and Fuller 2007) . Designing criteria suites to conserve the most species in the smallest possible areas, while cost-effective, as a stand-alone criterion, does not result in comprehensive biodiversity protection (Kareiva and Marvier 2003) . To cover all facets of biodiversity, initiatives require broad suites of ecological criteria, and require the inclusion of criteria to ensure the maintenance of evolutionary processes and to provide a surrogate for all coexisting species assemblages across taxa and ecological requirements, as well as an indication of changes in ecosystem functioning and structure.
To contribute to the maintenance of evolutionary processes, a criterion can be included to identify areas of importance to phylogenetically distinct species. A criterion incorporating taxonomic distinctiveness was included in only two of the initiatives (Important Sites for Freshwater Biodiversity, Darwall Sarkar et al. 2006; Isaac et al. 2007 ). Prioritization of species based on phylogenetic uniqueness enables reducing the risk of losing species lacking or with few close taxonomic relatives with relatively distinct genetic diversity that are of relative importance for the potential continuation of evolutionary processes (Faith 1992; Kareiva and Marvier 2003; Diniz 2004; Redding and Moores 2006; Isaac et al. 2007 ).
There is evidence that clusters of taxonomically related species of well-studied groups (birds, mammals, plants) are at a higher threat of extinction than if extinction risk were phylogenetically random, creating the risk of loss of their evolutionary history (Purvis et al. 2000, Vamosi and Wilson 2008) . This may be because the similar distributions, life history characteristics and behaviour of some groups of phylogenetically related species are affected by the same anthropogenic mortality sources (e.g., albatrosses and large petrels and bycatch in longline fisheries, Gilman et al. 2005) . For these clusters of related species, defining priorities based on threatened status could provide for adequate protection and avoid the loss of their genetic diversity. However, threatened status would not afford protection to phylogenetically unique species that are not currently threatened.
Suites employed by initiatives with an overarching aim of broad biodiversity conservation also require criteria to identify sites important to focal species. Only one of the reviewed initiatives included a criteria for a focal species in its criteria suite (Important Sites for Freshwater Biodiversity (IUCN 2002; Darwall and Vie 2005, Electronic Supplementary Table 1 ). Inclusion of this criterion in suites contributes to addressing biases resulting from the traditional narrow focus on threatened, rare and endemic species, addresses gaps in biodiversity datasets, and provides a shortcut to often lacking ecosystemlevel, physical and biotic data. Here we use the concept 'focal' species to encompass three somewhat distinct surrogate concepts of umbrella, indicator and keystone species. Umbrella species have the most demanding area and habitat requirements for their survival, encapsulating those of an array of sympatric, coexisting species, whereby protecting a sufficiently large area and critical habitat needed by the umbrella species, the requirements for survival of the coexisting species will also be captured (Lambeck 1997; Caro and O'Doherty 1999; Snaith and Beazley 2002; Bani et al. 2006) . The concept has been applied using suites of umbrella species to identify minimum area and habitat requirements for all species in an area (Lambeck 1997; Roberge and Angelstam 2004) . Indicator species have been used as a proxy to monitor changes in environmental conditions, to monitor changes in abundance and distributions of other species, for species richness and endemic species richness, and for ecosystem integrity (Stattersfield et al. 1998; Caro and O'Doherty 1999; Myers et al. 2000; Snaith and Beazley 2002; Gregory et al. 2003; Pauly and Watson 2005; Bani et al. 2006) . Species selected for use as indicators of environmental health have relatively high sensitivity to the full suite of stressors, which encompass the sensitivities to threats of coexisting species. Species selected for use as indicators of the presence and population trends of coexisting species will undergo changes in population sizes and distributions as a result of ecological factors that also control abundance and distributions of less-demanding species for which they are intended to serve as a surrogate (Lambeck 1997; Roberge and Angelstam 2004) . Keystone species have relatively large roles in regulating an ecosystem's functioning and structure that is disproportionate to their abundance and/or biomass (i.e., they tend not to be the dominant components of a community or ecosystem), and tend to be of higher trophic levels (Caro and O'Doherty 1999; Kotliar 2000; Snaith and Beazley 2002; Estrada 2007; Jordan 2009 ). Unlike umbrella and indicator species, changes in the abundance of keystone species do not necessarily reflect that of sympatric species, as keystone species do not necessarily have survival requirements that encompass that of coexisting species.
Implementing the focal species concept entails identifying a suite of indicator, umbrella and keystone species that can be feasibly monitored to identify any trends in routinely observed parameters (e.g., abundance, spatial distribution, and various life history characteristics), that, when taken together, provide an accurate surrogate for all coexisting species assemblages across taxa and ecological requirements, as well as an indication of changes in ecosystem functioning and structure (Caro and O'Doherty 1999; Snaith and Beazley 2002; Gregory et al. 2005; Collen and Rist 2008; Jordan 2009 ). Application of this broad concept involves monitoring a group of species as a cost-effective shortcut to monitoring all constituent species, and a more realistic method for obtaining a surrogate of ecosystem-and landscape-level integrity than conducting more complex, inconvenient, expensive, time consuming, and potentially infeasible monitoring of entire biotic and abiotic components of the ecosystem or landscape. Thus, in concept, identification of a suite of focal species, and identification of sites critical to their maintenance, will be the areas needed for ecosystem maintenance, this despite gaps in primary biodiversity data for other species, and gaps in information on the structure and functioning of the entire system. By including focal species as a criteria in suites, identifying sites of importance to focal species, and mitigating threats to ensure the survival of focal species, in concept, this effectively protects sympatric species and maintains ecosystem functions, structure and services.
There can be high uncertainty in identifying a suite of species to serve as surrogates and validating effectiveness. For some ecosystems, there is insufficient understanding of interspecific interactions, the roles of constituent species of each community, links between trophic levels, and predominant regulating factors, including feedback mechanisms, as well as functional links between ecosystems to enable robust quantitative ranking of individual species based on their importance to sympatric species and in regulating and maintaining ecosystems (Snaith and Beazley 2002; Mumby et al. 2004; Gilman et al. 2008; Jordan 2009 ). Although likely an exception and not the norm, in some ecosystems, there may not be focal species/species groups (e.g., North Pacific subtropical gyre, Polovina et al. 2009 ). As a result, species selected to serve as surrogates may not suitably characterize all cooccurring species and ecosystem integrity (Roberge and Angelstam 2004) . This is because co-occurring species have different controlling ecological factors, and respond differently to natural and anthropogenic stressors. A solution is to systematically select a suite of focal species with well understood responses to anthropogenic and natural changes, in order to provide effective characterization of all coexisting species across regions, higher taxon, and trophic levels, and surrogate for ecosystem structure and functioning (Roberge and Angelstam 2004; Piatt et al. 2007 ). However, in complex ecosystems, the number of species that would need to be included in a suite of focal species might make its application infeasible (Lindenmayer et al. 2002) .
In some cases, employing focal species criteria will prioritize sites of importance to common and/or widespread generalist species, which have tended to be overlooked through the traditional focus on rare/endangered/endemics. Taken collectively, abundant and widely distributed species are critical for the maintenance of ecosystem structure and functioning. Because a small number of species that are common and with broad distributions account for the majority of individuals and biomass, the value of these species in terms of maintaining abundance and regulating ecosystem dynamics is relatively high (Rice 1995; Gaston and Fuller 2007) . Abundant and broadly distributed species, represented across trophic levels of terrestrial and marine ecosystems, have central roles in ecosystem regulation (Allen et al. 1997; Estes et al. 1998; Jackson et al. 2001; Leon and Bjorndal 2001; Terborgh et al. 2001; Bjorndal and Jackson 2003; Springer et al. 2003; FAO 2008) . In identifying sites important to common and/or widespread species, there is a need to separate the identification of areas of importance to generalist species that have increased in abundance and expanded distributions because they can thrive in altered habitats, contributing to biotic homogenization as generalists come to predominate in place of specialist niche species (Brown 1984; McKinney and Lockwood 1999; Olden and Rooney 2006) , vs. areas critical for common/widespread species with low resistance and resilience to human stressors. Although some abundant and/or broad ranging species fill multiple niches and are therefore relatively resistant and resilient to stressors (e.g., Brown 1984) , there are numerous examples of abundant and widely distributed species that are not relatively better suited to stressors.
As evidence, several species that have recently experienced dramatic declines were previously abundant species and/or had broad distributions, with strong evidence for anthropogenic causes of their declines. Pollinator populations have been declining due to multiple anthropogenic stressors, including habitat loss and fragmentation, land use changes, pollution, parasites, disease, alien species, and climate change (desynchronization of flowering plants and their pollinators, through changes in phenology and ranges) (Allen et al. 1997; Klein et al. 2007; FAO 2008; Gallai et al. 2009 ). The demise of the American chestnut Castanea dentata due to human introductions of invasive alien species (Anagnostakis 1987 (Anagnostakis , 2001 Gaston and Fuller 2007) and resulting extinction cascade (extinction of seven moth species that fed only on the chestnut) (Anagnostakis 1987 (Anagnostakis , 2001 Koh et al. 2004 ) is another example. Overexploitation in marine capture fisheries has caused declines of formerly abundant and broadly distributed species of sea turtles, seabirds and marine mammals, which have K-selected life-history strategies, as well as highly fecund species and/or with broad distributions (Stevens et al. 2000; Gilman et al. 2007; Leadley et al. 2010; Gilman 2011) . Climate change effects on common/widespread species range from changes in plant and animal phenology, altering species' distributions, converting habitat types, to possible loss of an entire ecosystem (Fynbos floral kingdom in South Africa) (Chapin et al. 1998; Midgley et al. 2002; Thomas et al. 2004; Gilman et al. 2008) . As expected, as anthropogenic stressors are intensifying, as the human population approaches a peak and continues to broaden in spatial distribution (Millennium Ecosystem Assessment 2005; European Environment Agency 2006) , a large and growing number of species, which are still abundant and have broad distributions, have been observed to be experiencing acute declines (Gaston and Fuller 2007; PECBMS 2007) . Including criteria for focal species can ensure spatial planning considers conservation needs of these generalist common and widespread species.
Criteria for effective site networks Site networks, in concept, are collections of individual protected sites operating cooperatively and synergistically, both ecologically and administratively, at various spatial scales, and with a range of protection levels, that are designed to meet objectives that a single protected site cannot achieve in isolation (Laffoley et al. 2008) . Properly designed and governed protected area networks can optimize resistance, resilience, and reduced risk of the loss of biodiversity through representativeness and replication (Margules and Pressey 2000; NRC 2000; Gaston et al. 2002; Roberts et al. 2003b; Wells 2006; CBD 2008) , and ecological connectivity through strategic spacing and shape of sites within the network (Crowder et al. 2000; Stewart et al. 2003; Roberts et al. 2003b; Laffoley et al. 2008 ). Five ecological criteria described in Electronic Supplementary Table 2 are identified as being minimum, required components of suites used to identify sites for inclusion in networks: representativeness, replication, ecological connectivity, size, and refugia.
Representativeness is captured in a network of protected sites when a series of sites are included in the network and adequately represent the full range of ecosystems, community types, and geomorphic classes, including the biotic and habitat diversity of those landforms in the area of focus (Margules and Pressey 2000; Gaston et al. 2002; Roberts et al. 2003b; CBD 2008) . Ensuring that all components of an ecosystem are protected in the site network is a strategy for optimizing resistance and resilience, as the representation increases the chance that at least one community type, possessing disparate physical and biological features, will survive stressors and possibly provide a source for re-colonizing degraded sites (Gilman et al. 2008) .
Replication within a network, where multiple examples of each ecosystem, community type, and geomorphic class are included, reduces the risk of losing individual components of biological diversity (Gaston et al. 2002; Roberts et al. 2003b; Salm et al. 2006; Wells 2006; CBD 2008) .
Providing for ecological connectivity, where sites in the network are functionally linked, protects connectivity between ecosystems (Crowder et al. 2000; Stewart et al. 2003; Roberts et al. 2003b) . The systematic selection of individual sites to include in the network to address edge effects and spacing between sites is critical (Laffoley et al. 2008) . The exchange of larvae and species between sites is an example of a functional link between sites of the same ecosystem type. Or, for example, the existence and health of coral reefs are dependent on the buffering capacity of these shoreward ecosystems, which support the oligotrophic conditions needed by coral reefs to limit overgrowth by algae. Coral reefs, in turn, buffer the soft sediment landward ecosystems from wave energy (Mumby et al. 2004; Victor et al. 2004) .
The size of individual sites and combined area of sites within the network is of importance to ensure minimum territory requirements of certain species are protected Kareiva and Marvier 2003) , and to meet targeted species richness (Groombridge and Jenkins 2000) .
Including sites in a network that are relatively resistant and resilient to stressors, acting as refugia to current and predicted stresses, is critical to ensure the effectiveness of the network in achieving biodiversity conservation goals (Gaston et al. 2002; Salm et al. 2006) . Resistance refers to the amount of disturbance an ecosystem can absorb and remain within the same state without alteration to its functions and structure (Holling 1973) . Resilience refers to the capacity of an ecosystem to absorb and reorganize following the effects of a stress in order to revert to its previous state of functioning and structure (Carpenter et al. 2001) . The evaluation of sites nominated for inclusion in a network should specifically account for predicted effects on biodiversity value from climate change scenarios (Barber et al. 2004; Gilman et al. 2008) . For instance, planners need to account for the likely movements of species distributions, and community, ecosystem and biome boundaries over time under different climate change scenarios, as well as consider an areas' resistance and resilience to projected climate change and contributions to adaptation strategies. Sitespecific analysis of resistance and resilience to climate change when selecting areas to include in new protected area networks should include, for example, how discrete coastal habitats might be blocked from natural landward migration, and how severe are threats not related to climate change in affecting the site's health.
To achieve an ecologically successful site network, first, identifying alternative network designs that enable meeting ecological objectives and then considering non-ecological criteria to select a realistic, manageable option, will optimize the likelihood of achieving ecological goals and objectives (Roberts et al. 2003b) . For example, the process to identify candidate sites for possible inclusion in the OSPAR Network of MPAs includes first applying the OSPAR Network ecological criteria to identify sites, and then referring to both the ecological and 'practical' criteria to prioritize identified sites (OSPAR Commission 2007). However, as with the application of criteria suites to identify isolated sites, in practice, local socioeconomic and political considerations may drive processes for identifying sites for inclusion in protected area networks, and be the final arbiter in selecting criteria to identify biodiversity-important areas, with science on meeting ecological objectives informing the process (Gilman 2002; Kareiva and Marvier 2003; Roberts et al. 2003b ).
There are also socioeconomic and governance benefits of effective site networks. Site networks can reduce adverse socioeconomic impacts from restricting incompatible activities at individual sites, as restrictions needed to achieve conservation objectives can be spread out across the sites included in the network without compromising conservation and commercial benefits that result from protected areas (Laffoley et al. 2008; IOSEA 2010) .
Additionally, site networks can augment local to international recognition of the importance of a site and of conservation efforts. Also, through economies of scale from coordinated governance activities, networking protected sites can optimize the use of limited resources for governance, including outreach, monitoring, establishing secure funding mechanisms, staff training, conservation interventions, enforcement, performance evaluation, and adaptive management (Sandwith et al. 2001) . For instance, given uncertainties about future climate change and responses of ecosystems, there is a need to monitor and study changes systematically. Establishing ecosystem baselines and monitoring gradual changes through site networks, using standardized techniques, can enable the separation of site-based influences from global changes to provide a better understanding of ecosystem responses to global change, and alternative adaptation options (Gilman et al. 2008) .
Conclusions
Applying suites of criteria to identify areas of relative biodiversity importance enables optimizing limited resources to direct conservation interventions according to the objectives and context of individual efforts, and to balance ecological and socioeconomic objectives. To effectively achieve the maintenance of the biosphere, and concomitant human survival and wellbeing, consideration across the hierarchical manifestations of biodiversity is required. However, efforts to identify areas of high global biodiversity value have generally focused on species-level criteria (rare, endemic and threatened species) (Electronic Supplementary Table 1; Fig. 2 ). This has resulted in a focus on tropical and island ecosystems of importance to ecological specialists with small population sizes and/ or restricted ranges. Furthermore, spatial, temporal and taxonomic gaps in available, integrated, species-level, primary datasets ( Fig. 1) have limited the application of placebased biodiversity ecological criteria; augmenting dataset publication is a priority, as is improved standards for the publication of rich metadata and the development of metadata catalogues. Designing broader, more comprehensive suites of criteria can address these limitations.
To achieve biodiversity conservation objectives, criteria suites require designs that: (i) comprehensively identify sites required for the persistence of biodiversity, from evolutionary processes to ecosystem structure and functioning across biogeographic regions; (ii) compensate for taxonomic and spatial gaps in available datasets; (iii) balance biases resulting from conventionally-employed, narrow criteria suites; (iv) plan for predicted effects on biodiversity from climate change projections; and (v) optimize the ecological and governance networking of sites. Representativeness, replication, ecological connectivity, size, and refugia are identified as minimum, required ecological properties for designing effective site networks. To enable the identification of discrete and networked sites needed for the maintenance of evolutionary processes, a criterion for phylogenetic distinctiveness is identified as a needed component of criteria suites. To offset gaps in knowledge, criteria for focal species are also flagged as a needed component of criteria suites. Criteria weighting should be designed to prioritize these fundamental properties so that they play a central role in guiding the selection of candidate sites.
A main objective of this study was to provide a comprehensive criteria suite from which a subset can be selected for a specific application, while identifying minimum filters for inclusion in all initiatives to select isolated and networked protected area sites if an overarching aim is to maintain the functioning, structure and services of the biosphere. For example, the Site Network Working Group of the Indian Ocean South-East Asian Marine Turtle Memorandum of Understanding (IOSEA) made use of a draft of the criteria suite presented here as a starting point for developing a criteria suite to select sites for inclusion in a planned network of protected sea turtle habitats in the Indian Ocean-South-East Asian region (IOSEA 2010 ). An attempt was made to keep the complexity of the suite design to a minimum, including the number of criteria, weighting design, and definitions, and the effort required to compile information to assess a candidate site against the criteria. Furthermore, given the remoteness of some sea turtle habitats in the IOSEA region, the IOSEA Site Network Working Group elected to define the governance criterion 'conservation actions' as, ''A site lacking natural or human threats to sea turtles and their habitat, regardless of the degree of conservation activities, would be assigned a high value when assessed against this criterion,'' (IOSEA 2010). The IOSEA Site Network Working Group trialled a draft the IOSEA criteria suite against a range of sea turtle habitat sites, which resulted in some criteria being dropped or modified after determining that insufficient information in some parts of the IOSEA region prevented their effective application. For example, IOSEA modified the original definition of the criterion refugia from evidence that a sea turtle nesting or foraging site is resistant or resilient to climate change, to degree of naturalness (which provides an index of resistance and resilience), due to a general lack of assessments regionally of site-specific climate change resistance and resilience (e.g., projections for relative sea-level rise rates at sea turtle nesting beaches are lacking in most IOSEA member countries). Thus, as evident with IOSEA's application of the comprehensive criteria suite, initiative-specific ecological, socioeconomic and political priorities, as well as data availability to support feasible implementation of individual criteria, affect how the comprehensive criteria suite will be applied (Gilman 2002; Kareiva and Marvier 2003; Roberts et al. 2003b ).
